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1. Introduction 


An analyst, in approaching the design of an integrated factory warehouse 
decision system, finds out that existing operations research theory concentrates 
on the rigorous solution of only limited and selected segments of the complex 
relationship between production and distribution. The fixed or economic order 
quantity re-ordering practice most frequently discussed in O/R literature results 
in an undesirable fluctuation in orders at the plant. If the manufacturer owns 
both the plants and the warehouses, he must incorporate an order smoothing 
decision rule into his system which must necessarily modify the size of the eco- 
nomic order quantity. 

The fixed re-order point (or trigger point) is likewise an undesirable restriction 
on the operation of a system attempting to optimize both factory and distribu- 
tion costs. At the times when the sales rate is below the rate of production a 
particular re-order point may not be reached at all. Conversely, at times of high 
sales, the re-order point may be reached repeatedly with the ultimate conse- 
quence of lengthening the lead times at the plant. 

Whether to design the system on the assumption of fixed or statistically vary- 
ing lead times is another dilemma. In an integrated system, the imposition of a 
short fixed lead time on a factory by a warehouse is not realistic because the 
urgency of supply varies depending on the phase of the sales cycle. Unduly 
liberal fixed lead times, on the other hand, penalize the system by excessive 
permanent safety stocks. A statistical model based on sampled actual lead times 
is also difficult to justify. The shape of a particular lead time distribution func- 
tion has a causal basis in the inter-relationships between warehouse ordering 
practices and plant production patterns. Calculating safety stocks on the basis 
of these lead time distributions, which include transactions having varying 
degrees of priority, results in heavy inventories. , 

The question of selecting an optimal production scheduling and inventory 
decision (or review) period must be also answered. The necessity of examining 
inventory levels and fixing production schedules varies from time-to-time, from 
product-to-product and is clearly related to policies adapted with respect to 
order quantities, re-order points and lead times. A number of secondary relation- 
ships affecting the design of the system place important restrictions on the design 
of an integrated system. These are: 

(a) Shipment Consolidation—Regardless of order quantity or reorder point, 
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such things as the product mix, frequency of shipments and predictability of 
economic shipment quantities may govern the plant to warehouse movements. 

(b) Economic Production Lot Size—Superimposed on ordering patterns of 
individual warehouses are the effects of aggregate order quantities and the cycli- 
cal or counter-cyclical peaking of demand for products manufactured on joint 
facilities. 

(c) Organization Limitations—The organizational status of warehouse admin- 
istration, raw materials procurement, managerial control over cascaded (or sub- 
assembly) steps in the process, availability of computer facilities, sales promo- 
tional practices, strength of divisional vs. plant production planning staffs are 
significant limitations which must necessarily dictate the feasible operating 
features of an integrated system. 

This paper describes design features of a decentralized plant-warehouse inven- 
tory system operating successfully and providing decision rules for ordering, 
producing and shipping well over $250,000,000 worth of relatively low cost 
grocery products from over 10 plants to 16 nationally located distribution 
centers. The product line consists of over 250 items, most of which are distributed 
nationally. Individual plants report operationally to different divisions. All ware- 
houses are administered by a single division. Due to the large volume and bulk of 
products, all warehousing is done as close as possible to the ultimate sales des- 
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tination, with insignificant amounts held at the factory level. Hence, the problem 
of inventory management is inseparable from the problem of production and 
traffic scheduling and any statements about cost savings can be made from the 
point of view of minimizing warehousing plus transportation plus production 
plus customer service costs. This requirement is reinforced by placing the total 
cost responsibility for manufacturing and distribution with the producing divi- 
sions. Consequently, the warehouse managers do not make ordering decisions. 
Exhibit I describes diagrammatically the distribution system. 


2. Allocation of Warehouses to Plant for Service 


Two principal considerations led to fixing (for a stipulated planning period of 
one year) the “service responsibility” for supplying a given warehouse with a 
specific product for items manufactured in a number of plants. If the “service 
responsibility” was not assigned in advance, each supply decision would have to 
be made by referring all demands to a centralized scheduling staff. Apart from 
the costliness of such an arrangement in terms of personnel, communications 
and “noise” generated, all system transactions would be penalized by 3-4 addi- 
tional days of lead time. A simple, worksheet simulation identified both the - 
“steady state” effect (on safety stocks) and “dynamic effect” (on response char- 
acteristics to instantaneous sales peaks) of the two system design alternatives 
and substantiated the recommendation to eliminate functions performed by a 
centralized staff of order dispatchers. Another consideration for fixing the 
“service responsibility” was the appreciation of the fact that short-term transfers 
of demands from borderline warehouses back and forth among plants to meet 
short-term demands actually results in oscillations of aggregate production levels 
while total long-term demand remains constant. The system now provides for a 
routine allocation of warehouses to plants using the Ford-Fulkerson method on 
an IBM 704. The allocation decision is scheduled to be made about four months 
prior to start of a fiscal year and prior to each plant submitting next year’s 
standard manufacturing costs (the latter being based on the volume of produc- 
tion allocated each plant). The allocation decision is then rechecked about two 
weeks before the start of the fiscal year using latest standard variable cost data. 

Despite the fixed assignment of “service responsibility” the desirable flexibility 
of centralized order dispatching has been retained by distributing to all plants 
information concerning weekly stock status, sales and supply urgency for all 
warehouses storing products for which a plant has production facilities. Using 
this information, the plant planning manager may, at critical times, request 
inter-warchouse trans-shipments from a borderline location serviced by another 
plant. The man hour production equivalents of such transfers are later reconciled 
among plants themselves. Only rare instances of conflict, concerning priority in 
expediting are referred to the central production planning staff. 


3. Seasonal Planning 


Inasmuch as most grocery products exhibit seasonal sales patterns, the deci- 
sion period for long run smoothing of production levels is one year. Two weeks 
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before the start of each fiscal year, each plant submits a formal inventory and 
production plan proposal for four fiscal quarters ahead. The annual plan is based 
on moving average projections of past sales for product groups, by sales dis- 
tricts, as modified by latest marketing and operational plans. 

Exhibit IJ illustrates the basic approach to seasonal employment stabilization. 
Extreme employment (uniform employment) and inventory (uniform inventory) 
policies are set forth and their consequences priced out for each plant separately. 
The least cost inventory and employment policy is then calculated and a feasible 
annual production plan is set forth mecting a number of additional restrictions 
such as vacation shut-downs, process limitations, crop and sales season require- 
ments, etc. 

To arrive at a cost of smoothed employment, each plant represents a unique 
production smoothing problem due to peculiarities of the product mix assigned 
to it, amplitude and phasing of the aggregate seasonal sales curve, labor contents 
of its product line as well as distinctly non-continuous increments in the operat- 
ing scale of various departments. This non-homogeneity immediately ruled out 
analytic approaches.! Instead, each plant prepares two ‘Manpower Balances”, 
one for a variable and the other for a uniform employment plant. The ‘“Man- 
power Balance” concept is outlined in Exhibit III. The uniform employment 
plan balances manpower from quarter-to-quarter so that plant employment 
remains constant. The labor man-shifts for each product are converted into 


7 Such as Holt, Modigliani, Muth and Simon’s: ‘‘Planning Production, Inventories, and 
Work Force’’, Prentice Hall, 1960. 
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anticipated production volumes using standard shift production rates corre- 
sponding to the particular shift levels (or machine configuration) chosen and are 
then compared to corresponding quarterly sales volume projections, as shown 
in Exhibit IV. 

The variable employment ‘‘Manpower Balance” shows the extent of fluctua- 
tion in plant labor, in terms of men, to meet the aggregate seasonal sales curve. 
Sub-totals can be used to identify (by department and/or labor skill) manpower 
fluctuations, the feasibility of scaling up or down production levels and the inter- 
changeability of personnel. Net employment additions or deletions are then 
multiplied by approved employment fluctuation unit costs reflecting the senior- 
ity level of personnel involved, projected duration of the seasonal layoff or other 
peculiarities of the local labor market (such as availability of a skilled labor pool 
not desiring year-round employment). 

The formulation and approval of a cost scale for employment variation is 
resolved well in advance of the annual planning process at the management level, 
the scale being set separately for each plant. In many instances, a feasible vari- 
able employment ‘‘Manpower Balance’ of necessity results in some accumula- 
tion of seasonal inventories. The variable costs of such inventories must then be 
added to the priced out cost of employment variation. Similarly, fluctuation in 
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production levels in phase with seasonal variation of sales may increase variable 
production costs by forcing departures from optimal process or machine load 
configurations. Such costs are additive to the cost of employment variation The 
computation of the least cost seasonal employment is performed as follows: 


Given: A = Cost of employment fluctuation 
a, = Minimum feasible cost of seasonal inventories corresponding 
to A 
a, = Loss in efficiency due to non-optimal scheduling 
B = Cost of inventory accumulation corresponding to level employ- 
ment 
J(x) = Inventory accumulation function with a lower limit of 0 (no 


employment stabilization inventory accumulation) and an 
upper limit of 1 (maximum inventory accumulation possible). 
We can assume that 
Y,, = cost of uniform employment = f(z) = (B — a): + q 
and that 
Y, = cost of variable employment = f(x) = (A + a, + a2)-(1 — 2)? 
Inasmuch as the values of A; a1; az and B cannot be derived analytically, they 
are established empirically using trial and error techniques partially illustrated 
in Exhibits ITI and IV. 
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The quadratic approximation of the cost of variable employment has been 
shown to give a reasonably close representation of factory cost relationships. 
Incremental costs for small changes in output levels are relatively small. As 
fluctuations in seasonal output levels become larger, the number of people 
affected as well as their seniority rapidly increases. The non-linearity of the 
variable employment curve is then due both to cut-backs in indirect labor in 
addition to variable labor (assumed as linear) as well as due to steeply increasing 
employment variation unit costs. Seasonal planning costs will be then: 


TC =Y,4+ Y, = (B-—a)-2+a,4+ (A +a+4+ a) (1 — x)? 
= Br — ax + a + (A + ay + ae) (1 — 22 + 2%) 
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This means that if the incremental cost of accumulating seasonal inventories is 
more than twice the total cost of employment variation, the latter policy should 
be preferred in all cases. 

The allocation of optimum seasonal inventory accumulations to individual 
products is finally accomplished by re-working the “Manpower Balance” and 
“Seasonal Inventory Accumulation Schedule” to assure that high labor contents 
products are scheduled preferentially into seasonal inventory surplus, that shelf 
life und frequent packaging changes do not conflict with the accumulation plan 
and that economic scheduling of incremental production levels is feasible. 


4. Setting the Availability Standard 


Since the size of safety inventories, which are necessary to maintain avail- 
ability (service) at warehouses are an important factor in short-term production 
planning, the criteria and techniques for determining their size become a matter 
of primary concern in the plant-warchouse system design. Standard references 
on the question of valuation of an out-of-stock occurrence or setting an arbitrary 
availability percentage were found to be inadequate treatments of a phenomenon 
of considerable complexity for the following reasons: 

1. Due to large volumes of goods moved representing a relatively small num- 
ber of individual items, 1 completely mechanized machine tabulating system at 
each warehouse generates daily inventory status of all items. Availability is 
reviewed daily and out-of-stocks are anticipated in the light of the local market- 
ing situation by the warehouse order clerk who may initiate a series of expediting 
actions before there is any tangible evidence of an out-of-stock condition. Appli- 
cation of human intelligence to call for advance action is particularly effective in 
cases of extreme sales demands and is an important factor in keeping actual out- 
of-stocks in the range required by an exceedingly keen competitive market. 
(e.g. substantially better than 99 % availability). Consequently, the size of safety 
inventories is determined to an important extent by “expediting costs” such as: 

a. Inter-warehouse trans-shipments; 

b. Less than carload or less than truckload shipments; 

c. Cost penalties arising from departures from an optimum plant production 
schedule ; 

d. Overtime; 

e. Uneconomic procirement practices for raw and packaging materials 

2. The duration of a particular out-of-stock condition is of great importance. 
The prevailing practice of assigning a unit cost to an out-of-stock occurrence 
has not been found to be satisfactory. The fact that it is virtually impossible to 
obtain agreement on the cost of a “customer non-service” occurrence testifies 
clearly that this approach is not meaningful. Distributors of grocery products do 
not necessarily expect full and continuous service out of a distribution warehouse 
instantaneously, for all products and at all times. The availability of stocks in 
the customer’s own distribution channels and the relative importance of being 
fully stocked at the grocery shelf level results in most cases in a penalty to the 
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manufacturer’s sales organization only if over a period of time promised delivery 
deadlines are not met. 

3. The relative priority to maintain a fixed availability standard varies from 
time-to-time and changes depending on product involved, location and condition 
of sale (such as a “promotion”, market test or new product introduction). 
Furthermore, an out-of-stock occurrence at the warehouse (distribution center) 
level does not necessarily result in lost sales to ultimate customers inasmuch as a 
large portion of shipments from a warehouse go to distributors and not to retail 
stores. ; 
In order to cope with the restrictions discussed above, the following system 
policies have been adopted: 

i. Each product group or location is assigned an agreed upon “delivery 
standard” in days. If this standard is, for instance, two days, a least cost expedit- 
ing action must be taken to assure delivery within two days after the out-of-stock 
is reported. All out-of-stocks are tabulated daily and counted daily until the item 
becomes available. For instance, 100 items reported as being out-of-stock for 
three days would be tallied as 300 out-of-stock occurrences. 

2. All expediting actions taken within a month are costed out, classified and 
reported to the central production planning staff. 

3. Charts similar to ones used in quality control are maintained to aid in 
identification of local out-of-control situations and to aid the central staff in 
evaluation of plant scheduling performance. Consistent above-or-below standard 
out-of-stock experiences are reviewed to identify their cause and to aid in taking 
corrective actions. 

‘The information obtained as a result of the above policies is then used to cal- 
culate the optimum system factors of safety (¢) for each product group and/or 
warehouse location.2 Exhibit VI portrays the technique used. The approach 
differs in many respects from the conventional treatment of the problem. First, 
the costs of a lost sale or loss of good will are hidden in the expediting costs which 
are a function of the ‘delivery standard’’. Although this is not an explicit way of 
identifying the extent of penalty due to item inavailability, operationally this 
represents a method which lends itself to clear communication of relative service 
priorities. Changing an item from two to three day delivery standard can be 
understood, administered and medsured easier than increasing the “service 
standard’’, for instance from 99.75 to 99.90%. Secondly, individual expediting 
occurrences may be measured and analyzed to yield significant information for 
improving the performance of the system and for taking corrective actions where 
human error can be easily hidden by phenomena presumed to be “‘statistical’’ 

The fundamental premise on which this approach is based is the observed fact 
that out-of-stocks do not occur only because demand and lead times are statisti- 
cally variable. Failure to communicate marketing developments, hesitancy on 
the part of the plant to alter schedules or take conective action that may ad- 


3 The factor of safety is used here in the sume sense as outlined by R. G. Brown in ‘“‘Sta- 
tistical Forecasting for Inventory Control’’—McGraw-Hill Book Company. 
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versely affect manufacturing costs, hold-up of raw material supplies by quality 
control due to poor vendor performance, delays by advertising in releasing 
approved copy for change of packaging, etc. ultimately account for a large share 
of “forecasting errors” and “lead time variations” causing out-of-stocks. Unless 
a mechanism is developed for making the variable system costs causally trace- 
able, the extreme ranges of the statistical distributions of lead time and of error 
in sales forecast will be incorporated uncritically into various inventory safety 
levels. The long-term consequence of such an approach will be the embalmment 
of the status quo into theoretically correctly computed safety parameters. The 
other important difference in approach to system design is that the optimum 
availabilily standard, computed as illustrated in Exhibit VI and defined as 

Orders (in units) — out-of-stock count (cumulative method) 


Availability (Z) = Orders (in units) 


x 100 
is attributed solely to the statistical distribution of forecast errors. This assump- 
tion holds true in a system where lead time is a controllable system element due 
to the following policies: 

1. Weekly, plants receive forecasts of detailed production and shipping require- 
ments, by week, eight weeks ahead.’ Hence, availability of equipment capacity 
and transportation means can be planned well in advance and plans reviewed as 
the day of action approaches. 


3 For detail see section 7 of this paper. 
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2. The reliability of the transportation system is known reasonably well and 
the actual routing of shipments is subject to continuous monitoring. 

3. A daily warning signal is generated as a matter of routine and as a by- 
product of the warehouses’ daily perpetual stock record updating. Such a signal 
is originated if a warehouse reaches an availability point where action can be 
taken only on an expedited basis. To make sure that a plant knows how to 
respond to such a ‘warehouse minimum” message, each plant establishes quar- 
terly warehouse minimum levels at which the warehouse is required to originate 
a teletype message. As a rule, the warehouse minimum level is higher than that 
of the warehouse safety stock and is computed using the least re-supply time 
which may be economical for a particular plant-warehouse configuration. 

4. Although the plant’s production schedule can be planned ahead reasonably 
in advance (up to eight weeks) and raw materials availability has been designed 
to satisfy availability criteria for finished goods, the plant is specifically pro- 
hibited from finalizing production schedules until the latest sales and re-supply 
priority computations arrive at the plant two to three days before the start of 
the production week.‘ 


5. Cost of Carrying Inventories 


The application of a single percentage figure (usually ranging from 10 %~30 %) 
to the value of an inventoried item, as a method of pricing out the cost of carrying 
inventory per annum, is the most frequently quoted approach currently in use. 
If there are relatively few items in a product line, the lack of correlation between 
the size of an item and its value as well as the general bulkiness of grocery 
products per unit justify a more rigorous treatment of this parameter which 
affects a large number of system relationships. The cost of carrying inventory is 
defined as: 

(a) Warehousing Cost (warehousing cost per sq. ft. per annum reduced to 
cost per case per annum). Unless a company already owns substantial amounts 
of vacant warehousing space, the warehousing cost used in computations should 
be the marginal cost for additional space at prevailing commercial rates. 

(b) Taxes and msurance, per case. 

(c) Net variable cost of capital tied up in inventories—For purposes of inven- 
tory valuation in a distribution decision system only direct variable costs should 
be used to measure the amount of funds tied up in inventories. Fixed charges 
and factory overhead should be subtracted from the cost-of-goods used for 
valuation for accounting purposes. Similarly, if the manufacturing process in- 
volves a conversion from raw materials which are purchased in substantial 
supply regardless of the short term requirements of the conversion process (such 


‘ Design criteria for a factory raw materials inventorial policy shall be discussed in a 
separate paper. There are significant relationships between ratios of finished goods inven- 
tories at the distribution warehouse, plant warehouse levels and raw materiale inventories 
at the plant and supplier warehouses. Attempts to minimize inventories at any of these 
four levels in a plant-warehouse logistic system may seriously penalize the syatem as a 
whole 
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as in the case of purchasing an annual crop or buying a substantial supply of a 
raw material as protection against a price increase or supply failure) the inclu- 
sion of such raw materials in the valuation of inventories is incorrect. The timing 
of the conversion of raw materials into finished goods (creation of inventories) 
should not be affected by the fact that the raw material will remain available 
regardless of actions taken. 

Another problem arises when an interest rate must be selected representing 
the percentage per annum costs of funds employed in inventories. The divisional 
controllers are confronted with conflicting considerations if inventories represent 
a large portion of total funds employed. Invariably, they will tend to select the 
interest rate applicable to the divisional return on investment of funds employed 
which leads to obviously fallacious inventory decisions.’ The correct approach is 
to use a return on investment rate for an investment having a risk comparable 
to creation of inventories. For a staple product, this rate would approach the 
cost of long-term corporate borrowing. For new products, promotional items, 
merchandise subject to sudden price decline, obsolescence or spoilage, etc., the 
investment in inventories should be based on a discounted valuation of probabili- 
ties that inventory losses will take place in the future. 


6. Quarterly Planning 


Since fiscal and marketing objectives are re-appraised quarterly, adjustments 
in the annual plan are easiest to accomplish during the first two weeks of each 
quarter. At this time over-fulfillment or underfulfillment of last quarter’s sales 
targets has been identified and detailed product promotional activities for the 
currcnt quarter have been communicated to plants. 

At the end of the first two weeks of each quarter, each plant submits for 
approval to the divisional production planning staff a formal quarterly produc- 
tion and inventory accumulation plan illustrated partially as Exhibits VII and 
VIII. A minimum cost production and inventory plan is found by pricing out 
inventory accumulations and comparing this cost with the cost of varying produc- 
tion levels which would eliminate increases in inventories.® This is illustrated in 
Exhibit TIX. The quarterly planning process is completed by determining the 
minimum and maximum levels for inventories to apply during the next planning 
period, as follows: 

(a) Minimum Inventory~-~-This amount is read off the computer run described 
in section 7 of this paper and represents K standard deviations of forecast errors 
for the lead time of one week. If the review period increases, such as during plant 
shut-down for vacations, the minimum inventory corresponding to the shut- 
down period (in weeks) would be used. 

(b) Manufacturing Cycle or Shipping Frequency—Upon completion of a 

5 See article by John Deardona in the Harvard Business Review, May-June, 1961, page 
76 

§ Due to cycling of a large number of products through identical equipment, the tech- 


nique outlined in Magee’s ‘Production Scheduling and Inventory Control’’, McGraw-Hill, 
New York, 1958, pages 58, 59, 310-312, was found particularly helpful. 


€T 


#! 


PLANT: 
quate, JUNE OTR. ry __ 62 rears _JOHM_DOE __ APPROVED: 
Fee eS tt eee PLANNED PRODUCTION REQUIREMEXTS Tas een 
APPROVED: DATE: 
() t2) 6) =l940) (n e) ty PAY an} not) 2) tame a (a 
BCXT QUARTERP-ERD IBVERYO@LES wARpHOUSE QUARTER 


WAREHOUS! SEASONAL rRouecTeD | PROJECTED PLAMKED adgustaenT | SHURA Feoouc TOM 
ae bie eae pecvarer tm PU TOANSLY: l Mais decries Marital 


[74,230 | 38,030 _| Tice [aoe Ta =16,000 | 149,000 _|__94,000 
[so [5.950 [5.280 | - T - 213, 360 a eee 13, 360 


ross 
a ee ee ee vre95 [sas [= [eT za.61 [a 000 | see | 40,506 | o22 ott 
Pd proces sz. 29s | tet90 | 5,008 | 55,409 | 20,00 | o «| 4,598 vig.o33 | - T|e0,665 | -iaso26 | 135,224 | 118,400 


Exurszit VII 


val 


SUNE QTR FY. 62 


QUARTER) 


PRODUCTION PLA 


Exmisit VIII 


\ 


‘ten: ates: 


PLANT: ¥l 
PREPARED 
Byi 


JOHN DOE 


APPROVED: 


PRODUCT PRODUCT ON ee id sober or 
A 7 € 000 |3{6,000 |4]|8,000 |4 | 8,000 [4 |e,000 |4 | 6,000 | 3| 6,000 | 3| 6,000 | 94,000 
: [a false Te laroee Ie [noe le Trooe [a [aceon [a zpe0 706 
¢ [2] 200 |2| 21 600 [2 | 800 |2/ 800 |2 | 800 |2| ew |3| 1,200 | 9 600 
D of | ol Fo yale soo fa Te.200 | | 6 400 Ie [6,400 _|3 | 4.800 0 0 {52 800 

[oo | | oo |s | 9 600 45 he.o00 15 116,000 | 5 [16,000 118, 400 


APPROVED 


ron mamaste 
DATE 


ist veek a Vook 


PMDOMCT ION 


[eel remeron 
10,000 
ae 


Q 0 
2 B00 | 2 BOO 
Pie 
5 i 8,000 [5 &, 000 
5 116,000 15 | 16,000 
[aaa ee 
= 
a 


15 


PAUL A. STRASSMANN 


QUARTERLY TRIAL PRODUCTION PLAN COMPUTATION 


Plant: #1 Prepared by: JOHN DOE Date: 4/5/61 


PROCUCT GROUP: D 


UNIFORM 

; QUARTERLY Peta INVENTORY AOETKIOK COST OF 
SHIPMENTS) | ACCUMULATION INVENTORY. TRIAL 

( ACCUMULATION | PROD. PLAN 


(1) + (3) 


TRIAL 
PRODUCTION CYCLE FACTOR 
PLAN 


+16,370 
414,050 


+ 2,480 + 28,905 


1} + 22,611 | 22,611 | _$1,062 | 062 


COMHERTS: 


Exaisir TX 


production lot, the size of warehouse inventories will be determined either by the 
frequency of the manufacturing cycle (in week’s supply) or by the frequency of 
economic shipments to the particular warehouse location. For instance, if product 
Q is manufactured once every three weeks at plant X, but the most economic 
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shipping method (by rail) to warehouse # 4 allows scheduling of car-lot deliveries 
only once every five wecks, the “shipping frequency” shall govern in determina- 
tion of the maximum inventories at warehouse #4 for a product made at X. 
Similarly, if shipments are rnade weekly, the “manufacturing cycle frequency” 
would govern. 

‘(c) Seasonal and Quarterly Cycle Inventories—Allowances for these accumu- 
lations are made and the value of the maximum inventory leyel raised accord- 
ingly. 

(d) Additional Protection—For a number of reasons, such as accumulation 
for. a promotion, anticipaticn of price changes, equipment modifications, etc., 
management may wish to raise the allowable maximum inventory levels by 
providing additional supplies of specific items. 

A tabulation of the maximum and minimum factors in terms of weeks’ supply 
is then made which is translated into maximum case limits. At the same time, a 
computation is made of ‘warehouse minima” by taking the minimum inventory 
levels (from the plant’s point of view) and increasing them by a time factor 
representing plant to warehouse lead time on an expedited basis. The ‘‘ware- 
house minimw”’ are inserted into the perpetual inventory records maintained by 
IBM tabulating equipment at each warchouse and reviewed daily. If the quantity 
available is less than the “warehouse minimum” this fact is immediately reported 
by teletype to the plant. It should be noted that this communication allows for 
reaction on an expedited basis only and is not used to make the routine replenish- 
’ ment decision. The primary significance of the daily “warehouse minimum” 
signal on an exception basis is that it allows reduction of safety levels even further 
than theoretically deemed feasible by a weekly review frequency. The decision 
rules discussed under the minimum-maximum concept above are summarized in 
a graphical form as Exhibit X, which indicates how plants are given considerable 
Jatitude in optimizing their short-run inventory, production, transportation and 
customer service costs subject to the following restrictions: 

(a) Plants shall always schedule shipments to warehouses so that the actual 
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inventory, projected one review period ahead, shall not fall below in the minimum 
inventory level. 

(b) Plants shall always schedule shipments to warehouses so that the actual 
inventory shall not exceed the maximum inventory level. 

The practical consequences of these decision rules is that plants are allowed to 
re-allocate instantancously (without divisional action) production capacity and 
manpower to items experiencing short-term sales increases even if such sales are 
substantially in excess of budgeted amounts. As a corollary, plants are not 
allowed to produce in amounts which would result in inventories excess of the 
maximum limit if sales slow down even though the planned production levels 
have been set for the anticipated sales levels. Divisional approval is necessary 
only if the aggregate effect of short-term sales fluctuations require a modification 
of the annual plan. 


7. Weekly Planning 


The plant’s decision to produce and ship is postponed to the latest time period 
possible. This rule is theoretically justifiable because both the age of information 
on which decisions are made, as well as the frequency of decisions, have a sig- 
nificant influence on the aggregate lead time and response characteristics to 
transient disturbances built into the system. Applying techniques of “industrial 
dynamics” to the old inventory system (outlined in Exhibit XI), the average 
lead time of six weeks (with an upper range of 12.3 weeks) was reduced by 
changing to the information system shown in Exhibit XTI. The major differences _ 
between the new and the old information loops are: 

1. Orders placed for future delivery are ‘phased out” by date and automati- 
cally deducted from available inventories. 

2. The four weeks moving average has been replaced by an exponentially 
weighted moving average forecasting function,’ which is believed to eliminate the 
lagging features of the moving average and makes allowance for seasonal and 
trend components of sales curves. 

3. Shortening the review frequency from two weeks to one week. 

4. Eliminating the lead time component attributable to the procurement of raw 
materials establishing a raw materials forecasting system consistent with manage- 
ment of finished goods inventories. 

5. Eliminating the warehouse to division reporting lag (see paragraph 2 of 
the paper). 

These measures have reduced the average lead time from six weeks to three 
weeks. But the most significant element in reducing inventories has been the 
reduction of the upper range of lead times from twelve weeks to four weeks. Since 
it is the unpredictability of the range of demand rather than the demand average 
that determines the size of safety stocks each system element must be carefully 
analyzed for maximum delays which are generated by it. This experience has 
demonstrated that the first step in the design of an integrated inventory produc- 


7See Peter R. Winters, ‘Forecasting Sales by Exponentially, Weighted Moving Aver- 
ages’, Management Science, Volume VI, Number 3. 
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Exmsitr XI 


tion scheduling decision making system should be a detailed flow chart of the 
logic and time elements of the existing system. This is to be followed by evalua- 
tion of institutional, communication and data processing limitations which 
determine the lowest attainable levels of lead time. 

The new communication system provides for teletype transmission of informa- 
tion about sales and stocks to a central location where a report illustrated as 
Exhibit XTII is prepared and mailed (over the weekend) te each plant. The sig- 
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Exurpre XII 


nificance of the various elements on the computer run is explained as Exhibit 
XIV. 

The forecasts shown on the computer output are made cumulatively, one 
through eight weeks ahead, each week of a 13 week quarter. This means that at 
the end of the fifth week in a quarter, the first projection of quarter-end gales 
can be made by adding actual for quarter-to-date plus an eight week sales fore- 
cast. 

This process is repeated weekly with improved accuracy inasmuch as the 
quarter-end forecast includes an ever increasing fraction of actual sales, provid- 
ing thereby significant information for sales analysis purposes. The forecasting 
equations are based on Winter’s paper (op. cit.) and are used to compute cumula- 
tive forecasts F, at time for n periods ahead where 1 S n S 8. Then 


Pion = Sia + 812 +--+ + Bin 


where §;,, is forecast shipments in period (¢ + n). Similarly, the cumulative 
actual shipments, A, during these periods are given by 


Aun — Sia tree + Sie 


The difference between cumulative forecast shipments and cumulative actual 
shipments is represented by E,,, where 


Etn = Pin =, Asn 
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EXPLANATION OF COMPUTER OUTPUT 
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Exursit IV 


Since for any value of n we have p different error estimates (where p depends on 
the number of data in the computer and internal Q.-over which the forecast has 
been simulated), the standard deviation for an n period forecast is computed 
from the root-mean-square of these p estimates as follows: 


The program computes o, for n = 1, 2 --- 8 and saves the results for multiplica- 
tion by the safety factor K which can be chosen individually for each product 
warehouse location. The safety stock in each of the cumulative forecasts is then 
X, = K-o, and the total inventory requirement Y, is given by 


Yn, = Fiat Xn 


Due to the scarcity of input data in the proper format, the system was started 
up initially with only 26 sales data intervals (two cycles of 13 weeks each) per 
time series for each of the 4,000 time series involved. Although this amount of 
data is an absolute minimum it represented such a vast improvement over the 
existing four weeks moving average that the cost of additional input data for the 
system start-up was not considered practical. 

The computer operations are classified according to the “pilot” or “produc- 
tion” mode. During the “pilot” mode initial values of the trend, seasonal factors 
and smoothed shipments are computed. Then simulation without forecasting 
takes place over an interval Q, to test out the effect of three weighing factors 
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(smoothing constants) on the system. Another simulation, over an interval Q2 
simulates the exponential smoothing equations to arrive at reasonable values of 
the standard deviation of forecast errors. A further option may be exercised 
wherein as many as six different values may be supplied for each of the weighing 
factors to determine one combination which would minimize the standard devia- 
tion of forecast errors n periods ahead. Inasmuch as only one forecasting period 
can be selected for the criterion of optimality, the minimum value of o3; has been 
selected because the production lead time of three weeks (from the date of the 
data) represents closest the existing planning horizon of the plants. In the “pro- 
duction mode”, no simulation takes place and maximum advantage is taken of 
the exponentially moving 4verage equations to up-date the time series with a 
minimum of historical data. The economies of exponential smoothing are appar- 
ent from the following data: 

1. Compute time on IBM 7090: 4.4 minutes per 1,000 time series in “produc- 
tion mode’ 

2. Input edit time on IBM 1401: 4 minutes per 1,000 time series. The order 
computation by the computer is based on the concept of ‘Gross Protection” 
which is analogous to the widely used concept of ‘weeks of supply” except that 
the length of time over which the existing stocks will suffice takes into account 
both the shape of the short-term sales forecast curve and the forecast require- 
ments for safety stocks. The order computations are based on the following 
method: 

If Z = amount available at the warehouse = inventory plus intransit less 
unshipped order at time ¢ . 

W = weeks-in-transit, plant-to-warehouse using most economical means of 

transportation 

R,; = order required (outbound shipment from plant to warehouse) at time 

t= 
m = number of the last forecast in which Z exceeds Y,, 

GP = Gross Protection (number of weeks’ existing supply would last with a 

confidence implicit in the K-o, safety stocks 

NP = Net Protection (the number of the week in which the first replenish- 

ment shipment must leave the plant in order to maintain inventories 
at the warehouse above safety stocks) 

then 

Z- Yn 


GF = + Ying =e Yn 


and 
NP = GP —- W 
The “order” amounts are then determined as follows: 
R;=0 fort Sm 


8 The program efficiency is due to work by the Computer Usage Company of New York 
and their Senior Analyst, J. H. G. Kelly. 
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R= Y;-Z forz =m+1 
R;=Y;-Y;-1 fort 2m+2 


The FR, values are shifted on the computer output on the line “Order Required?’ 
in accordance with the iowest value of NP to calendarize the outbound shipment 
into its proper production week. Due to the restriction, however, that inventory 
shall not exceed a planned maximum (see par. 6), the 2, values are truncated 
so that 


>°R; S Maximum inventory — Z + §,..-W 


The usefulness of the output format is manifold as illustrated by the following 
cases: 

1. The plant totals of 2; values lend themselves to quick determination of 
order requirements, by item, up to eight weeks ahead. This allows improved 
short-term manpower scheduling. 

2. The NP values act as true “priority indexes” for action. NP’s which are 
negative or less than one are expedited. Code locations having NP’s larger than 
one can be ranked according to priority of shipment, lowest values of NP having 
the highest urgency. For all practical purposes, items with GP in excess of eight 
(GP = OVR) are disregarded. 

3. When sales trail behind production output, the surplus inventories can be 
distributed with uniform risk by equalizing result NP’s up to the allowable 
maximum inventory level. Conversely, when sales exceed current production 
levels, the NP index allows uniform spreading of the out-of-stocks risks. 

4. The plant summary labelled “production forecast” totals are used for raw 
materials management and procurement. Scheduled production one, two and 
three weeks ahead is key punched into cards, converted into ingredients require- 
_ ments by the materials ‘‘explosion” technique, compared against available stocks 
and safety requirements to yield a phased out raw materials ordering schedule. 

5. The increase in safety stocks with lengthened lead times is used in compu- 
tations to influence diverse system decisions such as: 

(a) Optimum economic order quantities using non-linear relationships of 
inventory costs as a function of batch size. 

(b) Optimum length of vacation shut down or equipment changeover. 

(c) Production requirements for promotions. 


8. Concluding Remarks 


The system described in this paper has been successfully operational since the 
Spring of 1961 and is generally known as the COPT system (abbreviation for 
Cost Optimization). Less than eight months were spent designing and installing 
the features discussed. The primary reason for the rapid introduction and rela- 
tively low development costs can be found in the close cooperation between the 
production scheduling personnel and the operations research consultant. The 
inadequacies and contradictory tendencies of the old scheduling system con- 
fronted the operating personnel daily. Consequently, they were in a position to 
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set forth the fundamental criteria for measures which should eliminate the identi- 
fied problems. The major difficulty encountered was in education of personnel on 
the clerical level who actually make the majority of production scheduling, 
shipping and inventorial decisions. The concepts of making decisions which 
optimize costs of the overall system rather than minimize individually factors 
such ag out-of-stock, inventory investment, warehouse floor space, realization 
of in-transit privileges, etc., were exceedingly difficult to get across. A partial 
answer to this was found by writing a detailed procedural manual which outlines 
in sequential format individual decision-making steps which have to be taken by 
each individual operating the system. 


